Fatigue is characterized by reduced energy level, decreased muscle strength, and a variable degree of cognitive impairment. Recent evidences seem to link vitamin D deficiency to fatigue. The aim of this study was to assess and compare vitamin D status in a cohort of older subjects with and without fatigue. We recruited a total of 480 subjects, 240 patients with fatigue and 240 controls without fatigue, from the Cannizzaro Hospital of Catania (Italy). Fatigue severity was measured by the fatigue severity scale, whereas mental and physical fatigue were measured through the Wessely and Powell fatigue scale, respectively. We also measured several blood parameters and 25-OH vitamin D. Subjects with fatigue showed lower levels of vitamin D as compared with those without fatigue. Blood levels of parameters related to fatigue were normal in both groups of subjects, however, platelet, hemoglobin, hematocrit (p < 0.05), mean corpuscular volume, C-reactive protein (CRP), iron, vitamin B12, and folic acid (p < 0.001) were significantly higher in the fatigue group with respect to the control group. Moreover, compared to controls, patients showed higher scores in the physical (p < 0.001), mental (p < 0.001), and severity (p < 0.001) fatigue scales. Finally, vitamin D inversely correlated with fatigue severity (r = −0.428, p < 0.01), whereas creatine kinase and CRP levels did not correlate with vitamin D. In conclusion, our data showed a direct link between vitamin D and fatigue in older subjects, suggesting translational implications in the diagnosis and management of these patients.
Introduction
Fatigue is a complex nonspecific clinical condition characterized by a difficulty in initiating or sustaining voluntary activities, a mismatch between the effort and the actual performance, an overwhelming feeling of tiredness at rest, an exhaustion with activity, a lack of energy that impairs daily tasks, and an inertia, with loss of endurance and vigor [1] . "The Diagnostic and Statistical Manual of Mental Disorders", fifth edition defines fatigue as a "state usually associated with a weakening or depletion of one's physical and or mental resources ranging from a general state of lethargy to specific work-induced burning sensation within one's muscle."
Most frequently, although it represents a response to both physical and mental exercise or stress, or a sign of some illnesses such as infection, inflammation, cancer, and autoimmune disease, fatigue is commonly reported in older subjects often without a clear underlying cause [2] . Physical fatigue leads to the inability to continue the individual functioning at a normal level of activity. Conversely, although it is widespread during heavy exercise, mental fatigue often manifests as somnolence [3] . Overall, fatigue can cause significant impairment of quality of life (QoL), with an estimated annual cost of 126 billion of US Dollars among USA employers [4] . Fatigue is also a common complaint in primary health care departments of both developed and developing countries, with a relevant impact on social life, family activities, and work performance [5] [6] [7] .
One of the biological factors that has been linked to fatigue is vitamin D deficiency [8, 9] . Vitamin D refers to a group of fat-soluble secosteroid hormones ingested through various dietary sources [10] . It is known that sun exposure activates vitamin D constituents, which improves health status and biological immune responses. Vitamin D deficiency is considered to be a common condition, especially among the elders suffering from muscular pain, headache, weakness, osteomalacia, sarcopenia, and other age-related problems [11] . Indeed, the Second National Report on the Biochemical Indicators of Diet and Nutrition in the USA stated that 25.5% of the older population, studied from 2003 to 2006, showed vitamin D deficiency (52.5-72.5 nmol/L) and that 8.8% had low serum 25-hydroxyvitamin D concentration (<50 nmol/L) [12, 13] .
Vitamin D is also involved in several biological processes through its specific receptor (Vitamin D Receptor -VDR) [14] and is also necessary for bone and skeletal muscle metabolism. Therefore, its deficiency has been associated with musculoskeletal pain [15] , chronic pain [16] , low back pain [17] , bone disorders, myopathy [18, 19] , immune dysregulation, and daytime sleepiness [20] . Additionally, studies on rats have found that serum vitamin D deficiency plays a role in the etiology of deep muscle pain and that its supplementation can decrease the levels of plasma creatine kinase (CK) and some proinflammatory cytokines by reducing the gene expression of interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) [21, 22] . In this framework, recent studies have demonstrated that obesity might be strongly associated with low-grade chronic inflammation, which is accompanied by raised concentrations of inflammatory cytokines, including IL-6 and TNF-α, and acute phase proteins, such as C-reactive protein (CRP). Similarly, higher plasma concentrations of proinflammatory cytokines have been found in subjects with low serum vitamin D. The mechanism by which vitamin D influences inflammatory biomarkers is not well known, although some authors propose the role of adipokines as a possible link between vitamin D status and obesity [23] . In vitro studies showed that vitamin D might inhibit the production of IL-6, and some investigators support a model in which calcium and vitamin D treatment directly and indirectly blocks the TNF-α pathway [22, 23] . Finally, an inverse relationship between TNF-α levels and serum 25-hydroxyvitamin D has been demonstrated [24] .
Nevertheless, although the relationship between vitamin D and fatigue seems to be established in clinical practice, uncertainty still remains whether this association is causal or not. The aim of the present study is to evaluate and compare vitamin D status between subjects with and without fatigue in a cohort of older subjects.
Materials and Methods

Subjects
Participants were enrolled from the "Osteoporosis Prevention Center" of the Cannizzaro Hospital of Catania (Italy), from January 2014 to December 2017. In total, we screened 510 older outpatients, 249 with fatigue and 251 without fatigue. Among them, we eventually included in the study 240 subjects with fatigue (patients, mean age 69.1 ± 5.8 years) and 240 without fatigue (controls, mean age 69.2 ± 5.1 years). Twenty subjects were excluded due to the following reasons: 2 were affected by type 2 diabetes, with a glycosylated hemoglobin level of 9%; 1 was on antihistamine drug; 4 did not completed the questionnaires; and 13 did not provide the written consent to participate in the study. All subjects were submitted to the fatigue test scores and subsequently to blood analysis. They were instructed to not change their normal eating habits during the entire period of data collection.
The inclusion criteria were as follows: (1) older than 65 years, (2) fatigue for more than 4 weeks and stable chronic medical condition, (3) absence of severe psychiatric or cognitive disorder, and (4) ability to understand and complete the questionnaires. Subjects were excluded in case of the following: (1) chronic infectious diseases, pulmonary disorders, and depression; (2) anemia and others hematological diseases; (3) dehydration; (4) advanced neurological diseases associated with fatigue, such as multiple sclerosis; (5) advanced cardiac diseases with poor performance status; (6) uncontrolled endocrinological disorders (e.g., hypothyroidism, hyperthyroidism, diabetes with glycosilated hemoglobin >9%); (7) advanced kidney or liver disease (e.g., cirrhosis); (8) active or advanced cancer or other neoplasms; (9) autoimmune diseases; (10) current intake benzodiazepines, neuroleptic, antiepileptic drugs, antihistamines, narcotics, corticosteroids, diuretics, and HMG-CoA reductase inhibitors (i.e., statins); (11) previous treatment with vitamin D; and (12) a vegan or vegetarian diet.
All the recruited participants gave a written consent after being fully informed on the study and completed a prepared self-administrated questionnaire. The study was approved by the Institutional Review Board of the Research Center "The Great Senescence" based at the Cannizzaro Hospital of Catania (Italy).
Questionnaire Evaluating Fatigue
All demographic and clinical data were collected and recorded by trained operators. Weight and height were measured without shoes. Body mass index (BMI) was calculated by the height squared in meters (Kg/m 2 ). The participants also completed a self-reported questionnaire.
Fatigue severity was measured by the fatigue severity scale (FSS). The FSS is a self-assessed nine-question scale, each item ranging from 1 (strongly disagree with the statement) to 7 (maximum agreement). Here, the total score ranged from 9 to 63, and it was directly related to the severity observed on the nine-item fatigue questionnaire. [25] . The Wessely's test and Powell's test were used to examine mental and physical fatigue, respectively. Their scores consisted of a total list of 14 questions, divided in two scales measuring physical fatigue (8 items scored from 0 (no fatigue) to 2 (highest possible fatigue), total score range 0-16); and mental fatigue (5 items, total score range 0-10) [26, 27] . These scales have been previously used and validated in older populations [28, 29] .
Laboratory Measurements
Biological samples were collected during the administration of the fatigue questionnaires. Venous blood samples were collected after overnight fasting.
We used an automatic biochemical analyzer to measure albumin, gamma-glutamyl-transferase (γGT), creatinine, calcium, phosphorus, white blood cells (WBC), platelets (PLT), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), red blood cells distribution width (RDW) iron, vitamin B12, folic acid, and total bilirubin. Commercially available kits were used to estimate serum calcium level by calorimetric assay. We determined serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using an enzymatic calorimetric test. CRP was measured using the high sensitivity nephelometric method. Serum CK was assessed by a standardized commercially available enzymatic assay. Regarding the measurement of serum 25-OH vitamin D, blood samples were obtained from study subjects from June 2014 to December 2017, and serum vitamin D levels by immunoenzymatic assay (Beckmann Coulter).
Participants were instructed to fast for at least 12 hours before analysis. Fasting blood samples were collected in the morning, immediately centrifugated, and the supernatant transferred to new tube. The intra-assay coefficient of variation (CV) was 29% and the inter-assay CV was 3.2%.
Statistics Analysis
All data management and statistical calculations were performed using SPSS 15.0 statistical package (Chicago, IL, USA). The categorical variables were expressed as proportions and the numerical variables as means ± standard deviations or as medians with interquartile ranges. The comparison between the study groups was performed by using the t-test, Mann-Whitney U test, or the Chi-square, as appropriate. Correlations were determined according to the Pearson's method. p values < 0.05 were considered as statistically significant.
Results
In total, we examined 480 older subjects using the abovementioned fatigue assessment scales, those complaining of fatigue (240) and those who did not complain of fatigue (240). Participants' baseline characteristics are summarized in Table 1 . Serum analyses (Table 2) showed normal values for the following parameters: WBC, RBC, and RDW. The other measurements, namely, PLT, HGB, HCT (p < 0.05), MCV, CRP, iron, vitamin B12, and folic acid (p < 0.01), although still within normal ranges, were significantly higher in the fatigue group than in the control group. The MCH and phosphorus levels were significantly lower for the fatigue group (p < 0.001) ( Table 2) . Finally, compared with controls, subjects with fatigue showed a significant decrease in vitamin D level (p < 0.001).
At the fatigue rating scales, we found significantly higher scores in the physical (p < 0.0001), mental (p < 0.0001), and severity (p < 0.0001) fatigue scales in patients than controls (Table 3) .
Additionally, in patients with fatigue, we observed a significant intra-group gender difference in terms of worse scores in males than females for the physical fatigue (1.1, p < 0.01), mental fatigue (0.7, p < 0.01), and fatigue severity scores (4.0, p < 0.01). Conversely, in controls, we did not find a difference in physical fatigue score, although males performed worse in mental fatigue (0.5, p < 0.05) and fatigue severity scores (3.6, p < 0.01) ( Table 4 ). Compared to female controls, those with fatigue showed a significant difference in physical fatigue (11.0 vs. 6.7, p < 0.01), mental fatigue (6.4 vs. 5.1, p < 0.01), and fatigue severity scores (44.2 vs. 28.2, p < 0.01). Vitamin D level was significant lower in females with fatigue than controls (39.2 vs. 46.9 nmol/L, p < 0.01). Similar results were observed for the male participants with fatigue in terms of worse scores in physical fatigue (12. γGT: gamma-glutamyl-transferase; CRP: C-reactive protein; WBC: white blood cells; PLT: platelets; RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; NS: not significant; RDW: red blood cells distribution width. Finally, vitamin D serum levels were higher in patients than controls (p < 0.001). Vitamin D level also inversely correlated with fatigue severity score (r = −0.428, p < 0,01), whereas CK and CRP did not correlate. 
Discussion
Main Findings
Fatigue is a common clinical condition characterized by decreased energy, concentration, and motivation that interferes with the activities of daily living. As such, fatigue is also associated with several physical and psychological symptoms, including pain, depression, distress, dyspnea, anxiety, and poor sleep quality [30] . Patients with an induced fatigue state show a reduced exercise tolerance and a post-exercise fatigue even after minimal physical activity, thus, suggesting that an impaired muscle function may occur behind this condition.
In our study, we observed a significant reduction of vitamin D serum level in older subjects with fatigue. This result is in agreement with a prospective nonrandomized therapeutic study in USA general population. Moreover, the authors showed that normalization of vitamin D level was able to improve the severity of fatigue [8] . In a preliminary report, it has also been demonstrated that vitamin D supplementation improved symptoms of fibromyalgia, including fatigue [31] . By contrast, another study on chronic fatigue syndrome/myalgic encephalomyelitis revealed no association between perceived fatigue and vitamin D levels [32] . It has also been reported that vitamin supplementation may not affect fatigue on frailty older patients [33] . Indeed, supplementation is not always able to reduce fatigue. As illustrated in Figure 1 , this effect might be explained by several factors associated with vitamin D presence, such as reduced vitamin dietary intake, limited sun exposure, and renal dysfunction. Moreover, multiple factors linked to the fatigue status may also contribute. For instance, some RBC indices (i.e., RDW, MCV, and MCH) have been related to fatigue. RBC are of pivotal importance in the human energy dynamic, and, it is known that they need to deform themselves to travel through capillaries for effective oxygen transportation. RBC deformability has been shown to be affected by ALT [34] , AST [35] , CRP [36] , and 25-OH vitamin D levels [37] . Interestingly, recently, RBC deformability has been found to be impaired also in patients with chronic fatigue syndrome [38] .
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Vitamin D deficiency has been associated with reduced muscle strength, physical performance, postural stability, and QoL. In particular, the growing awareness that fatigue is a major contributor affecting QoL has led to a significant effort to obtain further data on mental and physical tiredness, also with therapeutic implications. In some observational studies, the reverse causality is relevant, as low vitamin D status may be considered a marker or a consequence of fatigue, however, the association between vitamin D and fatigue might also reflect the presence of confounding factors associated with vitamin deficiency and fatigue status [49] . In fact, both are associated with a range of lifestyle-related features, including low educational attainment, smoking, and physical inactivity [50] [51] [52] . In this context, it is worth mentioning that exercise-induced tissue damage and lipid peroxidation have been significantly lowered by vitamin D treatment in severely deficient human subjects [53] . Finally, the low serum levels of vitamin D have been associated with high fatigue severity in older subjects [54] . Therefore, based on our findings and considerations from results in the literature, the threshold level of vitamin D deficiency should be reconsidered in older patients.
Finally, we found some gender-related differences in fatigue scales and vitamin D, both in patients and controls. The explanation for these findings is rather complex and probably is associated with the distinctive biochemical and hormonal aspects related to the vitamin D molecular structure and metabolism. In particular, the molecular structure of vitamin D is closely allied to that of typical steroid hormones (e.g., estradiol, cortisol, testosterone, and aldosterone). Moreover, impaired 25-hydroxylation and 1α-hydroxylation by liver or renal disease, as well as genetic causes or mutated nonfunctioning VDR, might explain these gender differences. It is worth highlighting that although vitamin D deficiency or insufficiency is highly prevalent its magnitude may largely vary depending on the population studied, geographical areas, and seasonal considerations [55, 56] .
Limitations
One limitation, in this study, is that fatigue prevalence, severity, and related socioeconomic factors were not considered. Another limitation is based on the single center nature of the results, thus, precluding any further generalization of our findings. Indeed, data were limited to an initial single serum 25-hydroxyvitamin D measurement at the time of enrolment. Therefore, we acknowledge that this measurement could not reflect long-lasting periods of vitamin D level. As mentioned, geographical locations determine marked differences in dietary vitamin D intake and, more importantly, in sun exposure, which can greatly influence serum vitamin concentration in the general population. Finally, the cross-sectional nature of the present study does not allow any causality interpretation. Overall, given these limitations and critical aspects, further research is needed to better understand the biochemical mechanisms underlying the results provided in this study.
Conclusions
Vitamin D deficiency was associated with mental and physical fatigue, suggesting that supplementation may be helpful in reducing the risk of fatigue in older people. Further larger studies and multidimensional follow-up are needed to confirm these findings.
